Abstract
Colloidal semiconductor nanoplatelets (NPLs) with electronic structure as quantum wells have recently emerged as exciting materials for optoelectronic applications. Here we investigate how morphology affects important photoluminescence (PL) properties of single CdSe and core/shell CdSe/CdZnS nanoplatelets. By analyzing PL intensitylifetime correlation and second-order photon correlation results, we demonstrate that, irrespective of morphology, Auger recombination cannot be responsible for PL blinking of single NPLs. We propose that hot carrier trapping plays a significant role in blinking and find that a rough shell induces additional nonradiative channels presumably related to defects or traps of an imperfect shell. Polarization-resolved PL spectroscopy analysis reveals exciton fine-structure splitting on the order of several tens of meV in rough-shell NPLs at room temperature, which is attributed to exciton localization and substantiated with theoretical calculations taking into account the NPL shape and electron-hole exchange interaction.
Colloidal semiconductor nanocrystals (NCs) have been attracting considerable interest in both fundamental and applied scientific research in the past two decades. [1] [2] [3] . Compared with the extensively studied 0D quantum dots (QDs) and 1D nanorods/nanowires, only in the past several years have colloidal 2D nanoplatelets (NPLs) with controllable morphology and dimensions been introduced. [4] [5] [6] [7] [8] [9] The NPLs usually have a lateral dimension larger than the bulk exciton Bohr radius and a thickness of several monolayers (MLs), thus representing free-standing quasi 2D quantum wells.
With the thickness that is well-defined and can be engineered with atomic precision, the NPLs have narrow photoluminescence (PL) linewidths at room temperature not affected by inhomogeneous broadening. 7, [10] [11] [12] In addition, the quasi 1D carrier confinement in NPLs results in a giant oscillator strength and a fast recombination of band-edge excitons. 10, 12, 13 These remarkable and unique photophysical properties have made the colloidal NPLs very attractive for a broad range of applications such as lasing and light emitting diodes. [14] [15] [16] [17] [18] [19] PL blinking (i.e., intensity intermittency), a phenomenon that has been extensively studied for colloidal QDs, has also been reported for single NPLs. 12, 20, 21 Several studies have attributed the blinking of single NPLs to Auger recombination. 12, 21 On the other hand, for 2D quantum wells, the electronic confinement occurs only in one dimension, thereby imposing a theoretically stringent momentum conservation rule for Auger recombination. 15 In fact, suppressed Auger recombination in NPLs has been demonstrated in multiple works recently. 15, 22, 23 Such contradictory reports warrant further investigations regarding the PL blinking mechanism and Auger processes in
NPLs. In addition, 2D NPLs have a strong quantum confinement in the thickness direction and a large surface area. Therefore, shell growth on core NPLs and shell morphology are expected to have a strong impact on the excited state photophysics and PL spectral properties. Although some fundamental PL properties of core/shell NPL structures have been reported by several studies, 20, 4 24, 25 up to now morphological effects on PL blinking behavior (in connection with its relation to Auger recombination), exciton fine-structure, and PL polarization have not been investigated.
Herein, we study in detail impacts of CdZnS shell growth and shell morphologysmooth or roughon PL properties of single CdSe NPLs in terms of PL blinking, Auger recombination, biexciton quantum yield, PL spectrum, polarization, and exciton fine-structure. We reveal that, irrespective of shell growth and morphology, Auger recombination plays little role in PL blinking of single NPLs and propose that hot carrier trapping plays a significant role. A rough CdZnS shell results in blinking that is associated with lifetime changes, implying opening of additional nonradiative channels presumably related to defects or traps of an imperfect shell. We further report differences in low-temperature PL spectral linewidth and emission polarization as a function of shell morphology. In particular, polarization-resolved spectral measurements reveal exciton finestructure splitting in the presence of a rough shell, which is attributed to exciton localization. Structural and ensemble optical characterization. The CdSe NPLs were synthesized following previously reported method. 10 CdZnS shell were added to the core CdSe NPLs using modifications of two literature methods, i.e., layer-by-layer growth 20 and one-pot continuous shell growth 25 , resulting in core/shell (C/S) NPLs with smooth and rough shell morphology, respectively (see Methods and Supplementary Note 1). Fig. 1 (a-c) displays TEM images for the core CdSe NPLs, the smooth CdZnS shell NPLs, and the rough-shell NPLs, respectively. The core NPLs have a lateral dimension of ~7 ± 1 nm in width and ~50 ± 7 nm in length. The thickness of the core NPLs is ~1.5 nm, which corresponds to 5 CdSe monolayers, based on analysis of TEM images and the known relationship between thickness and the absorption excitonic peak. 24 For both the smooth-and rough-shell NPLs, the lateral dimensions remain similar to those of the NPL core, indicating that shell growth occurred mainly on the top and bottom sides. The shell thickness is ~1 nm on both sides. The smooth-shell NPLs exhibit uniform contrast, indicative of the smooth shell morphology (Fig. 1b) , while the rough-shell NPLs exhibit significant contrast variation (Fig. 1c) , indicative of island-like structures with an average diameter of 3-5 nm. These are not simply continuous grain boundaries, as the shell height is observed to fluctuate across the shell surface. In this way, the shell thickness of ~1 nm is only an average for the rough-shell NPLs.
Results
Absorption and PL spectra of NPLs suspended in hexanes/chloroform solutions are shown in Fig. 1(d-f) . For the core NPLs, two absorption peaks are observed at 545 nm and 515 nm that correspond to the heavy-and light-hole excitons, respectively. Emission peaks at ~555 nm with a full-width-at-half-maximum (FWHM) of 12 nm (48 meV). The absorption and emission spectral results are consistent with the previously reported data for 5-monolayer CdSe NPLs. 12, 24 CdZnS shell growth induces strong red shifts in both absorption and emission, which can be attributed to the electronic wave function extension from the CdSe core into the shell material. 20 The smoothshell NPLs and the rough-shell NPLs have emission peaks at 645 nm (quantum yield: 60-65%) and 665 nm (quantum yield: 45-50%), respectively. This difference in the emission maximum between the smooth-and rough-shell NPLs is likely due to the rough shell being slightly thicker, or to the observed thickness fluctuations. In addition, compared to the core NPLs, the C/S NPLs have broader emission linewidths: ~60 meV and ~57 meV for the smooth-and rough-shell NPLs,
respectively. This observation is also similar to the results reported by Tessier et al. and are attributed to the extension of electron-phonon coupling into the shell material and the high phonon energy of the shell material.
20, 23
Blinking of single NPLs. PL intensity blinking (i.e., intermittency) is a ubiquitous phenomenon observed in individual semiconductor nanocrystals. 26 The blinking behaviors have also been observed for NPLs. 12, 20 Analogous to the cases of the C/S heterostructures of QDs, the growth of shell greatly reduces PL blinking. This is reflected in the time traces of fluorescence intensity shown in Fig. 2 (a-c): the C/S NPLs exhibit a much longer "on" time compared with the core NPLs.
Such an improvement is further demonstrated in a statistical analysis of the on-time fraction of ~50 NPLs under one-hour continuous excitation ( Supplementary Fig. S1 ). The phenomenon of PL blinking, since its first report by Nirmal et al in single QDs, has been intensively studied in terms of the fundamental mechanisms. 26, 27 Although the deterministic mechanism of PL blinking is still under debate, the widely-accepted explanation of the off-state (or the grey state that weakly fluoresces) is that the non-radiative Auger recombination as a result of photo-induced charging is responsible. To understand the in-depth mechanism of the blinking be- work. 28 For the B-type blinking, it is proposed that there exist nonradiative decay channels that can intercept hot electrons, which are sufficiently energetic to tunnel to the surface trap sites after photoexcitation, before they relax to the lowest band edge states. In this case, the PL intensity is proportional to the number of the electrons relaxed to the band edge states. However, since the relaxation dynamics from the band edge states to the ground state are not disturbed by the hot electron trapping, the PL lifetime remains unchanged. Considering the significantly large surface area of the NPLs and the shell thickness of only several monolayers, we think the blinking behavior observed in the core and the smooth-shell NPLs can also be explained by such a hot carrier trapping mechanism.
By contrast, for the rough-shell NPLs, PL lifetime varies along with PL intensity as shown in ports showing that Auger process in NPLs is greatly hampered. 15, 22, 23, 29, 30 Additionally, electronic confinement occurs only in one dimension in 2D quantum wells, thereby imposing a theoretically strict momentum conservation rule for Auger recombination. 15 These contradictory reports surrounding Auger recombination warrant an in-depth investigation regarding its role in the blinking behavior of NPLs.
Auger recombination suppression and biexciton. Auger recombination is closely related to the biexciton emission in nanocrystals. In order to understand these two important characteristics and elucidate the blinking mechanism in the NPLs, we perform the second-order photon correlation, g (2) , analysis. For typical g (2) traces obtained with pulsed laser excitation, the area ratio between the center peak (delay time at 0) to the side peaks, R, signifies the emission nature of the emitters.
An R value of 0, i.e., photon antibunching, is characteristic of single quantum emitters, while a non-zero R value indicates either emitter clustering or biexciton emission. (0)/g (2) (t)=QBX/QX. 32, 33 Our data are consistent with the recent results reported by Ma et al. 21 The efficient biexciton yield in the NPLs implies a greatly suppressed biexciton Auger recombination. In addition, according to the statistical scaling, the biexciton Auger recombination efficiency provides an upper limit for the charged exciton Auger decay efficiency. [34] [35] [36] Therefore, Auger recombination by charged excitons is also suppressed.
On the basis of the above discussions, we can conclude that charged excitons cannot be responsible for blinking behavior in the rough NPLs. We would attribute the faster decay of lower intensity levels to some non-radiative channels that are related to imperfect shell morphology, such as surface defects, traps, etc. This result is consistent with the observations made on ensembles of CdSe/CdS NPLs by Kunneman et al, who reported hole trapping at a defect site basing on transient absorption and terahertz conductivity measurements. 22 In addition, a close look at the ratios of PL intensity levels and their corresponding lifetimes reveals that the intensity drops faster than the PL lifetime. For instance, as shown in Supplementary Fig. S2c and S2f, the ratio between the highest to the lowest highlighted intensity bands is 4.3, while the ratio between their corresponding lifetimes is only 2.3. This observation indicates that, besides the nonradiative processes related to rough morphology, the hot carrier trapping mechanism also contributes to the blinking of roughshell NPLs. Our results regarding the blinking of NPLs not only provide a detailed understanding of the blinking mechanism and its relation with morphology, but indicate possible routes to making non-blinking NPLs by structure engineering. For instance, a thicker smooth shell is desirable, as it would reduce both the number of surface defects/traps and the hot carrier tunneling probability. (Fig. 3a-c) , for the core CdSe NPL (a), the smooth-shell NPL (b), and the rough-shell NPL (c).
Our analysis of about twenty NPLs for each type reveals average R values of 0.63±0.28, 0.61±0.14, 0.78±0.14 for the core NPLs, the smooth-shell NPLs, and the rough-shell NPLs, respectively. It can be seen that the shell deposition and morphology do not significantly alter the biexciton yield. We further extract the biexciton and single exciton decay lifetimes using an approach of post-selection of photons on the basis of photon correlation data reported by Canneson et al. 37 Fig . 4 demonstrates the corresponding biexciton and single exciton decays overlaid with monoexponential fits for the three representative NPLs shown in Fig. 2 and Fig. 3 ns, respectively. Compared to the core NPL, the C/S NPLs exhibit longer exciton and biexciton lifetimes. This can be ascribed to the electron wavefunction delocalization into the shell material.
Furthermore, the rough-shell NPLs have slightly longer biexciton lifetimes, which is in line with the observation that a longer gated delay time is usually required to remove all biexciton contributions (Fig. 3f) . The longer biexciton lifetime observed for the rough-shell NPLs could be explained by localized excitons in the rough shell that may take longer to reach the core and contribute to biexcitonic emission. This also may result from greater electronic wavefunction extension into an on-average thicker shell (resulting from the rough shell morphology).
Photoluminescence spectra. We further collect PL spectra of single NPLs in order to identify the effects of shell growth and shell morphology on the spectral properties. Fig. 5 (a-c) exhibit the typical single NPL spectra collected at room temperature and low temperature (10 K). The linewidth of room-temperature emission spectra is 45±2, 57±4, 53±2 meV for the core, the smoothshell, and the rough-shell NPLs, respectively. These values are close to the PL linewidth results of the ensemble solutions (Fig. 2) , suggesting negligible inhomogeneous broadening irrespective of the type and the morphology of NPLs. At room temperature, there is no detectable difference in both linewidth and spectral structure between the smooth-shell NPLs and the rough-shell NPLs.
Going from room temperature to 10 K, the emission blue shifts and the linewidth becomes much narrower for all types of NPLs. The blue shifted emission has been reported by Tessier et al and explained with the Varshni relation between the band gap and temperature, which predicts an increased band gap with decreasing temperature. 12, 20 Interestingly, we notice that the smooth-shell NPLs typically exhibit a slightly narrower linewidth of PL emission (~9±1 meV) compared to the rough-shell NPLs (~12±2 meV). In addition, the emission spectra of rough-shell NPLs usually exhibit a more pronounced red tail emission. Tessier et al have also observed a similar tail emission in low-temperature PL spectra (analogous to the shape of the black spectrum in Fig. 5b ) for CdSe/CdZnS NPLs, yet irrespective of the shell morphology, and attributed it to low energy surface traps related to defects in the shell or at nanocrystal surface. 20 Compared to the results reported by Tessier et al, the more pronounced tail emission in our case (Fig. 5c ) may be due to more rough shell morphology in our rough-shell NPLs. We think that the subtle differences in both tail emission and linewidth for the two types of C/S NPLs in our case could be due to the variation in shell morphology. That is, the rough-shell NPLs have slightly higher density of localized trap states as a result of rough shell morphology.
38, 39
Figure 5  PL spectra of single NPLs. Representative PL spectra at room-temperature (red) and 10 K (black) of the core CdSe NPLs (a), the smooth-shell NPLs (b), and the rough-shell NPLs (c).
Emission polarization anisotropy and polarization-resolved PL spectra of single NPLs. Polarization characteristics of NCs convey information on the nature of the transition dipole and exciton fine structure. [40] [41] [42] We first investigate the polarization anisotropy of total PL emission by splitting PL image into two orthogonal polarizations (i.e., horizontally/vertically polarized emission IH/IV) using a Wollaston prism. 41, 42 The polarization is modulated by rotating a half-wave plate in front of the prism. Fig. S3 ). Next, we acquire the polarization-resolved PL spectra of individual NPLs by spectrally dispersing the two orthogonal PL channels after the Wollaston prism using imaging spectrometer. 41, 42 With this detection scheme, horizontal-(H) and vertical-polarized (V) PL components from individual NPLs are observed as pairs of spectra in the upper and lower regions of the CCD camera. Fig. 6b -6d displays orthogonally polarized PL emission spectra (black and red curves) as a function of emission detection angle for a core NPL (Fig. 6b) , a smooth-shell NPL (Fig. 6c) , and a rough-shell NPL (Fig.   6d ), respectively. The polarization-resolved PL spectra of the core NPLs exhibit high degree of linear polarization with no spectral splitting between two orthogonally polarized PL spectra, suggesting that the PL emission is originated from a linear transition dipole. Surprisingly, polarization-resolved PL spectra of ~66% of the rough-shell NPLs (Fig. 6d) and ~45% of smooth-shell NPLs reveal three energetically distinct, linearly polarized emissive states with energy splitting of ~25 meV. Out of these three states, the highest and lowest energy states have almost identical polarization orientation whereas the polarization of the middle state exhibits 55° phase shift relative to that of the highest and lowest energy states (Fig. 6d) . The remainder of the smooth-shell (~55%, Fig. 6c ) and rough-shell NPLs (~34%) show broad PL spectra, without an obvious threepeak-splitting feature and with low degree of linear polarization consistent with total PL polarization anisotropy (Fig. 6a) . Recent studies of relatively symmetric NPLs reported observation of polarization behavior consistent with a 2 D planar dipole corresponding to the heavy-hole exciton radiative doublet. 43, 44 Because our NPLs are highly asymmetric with the width and length of ~7 nm and ~50 nm, respectively, we expect the emissive exciton state to be split into two states and the low energy state of the two to dominate the emission with linear transition dipole oriented along the long axis of the NPL. While this picture can explain strongly linearly polarized emission of the core only NPLs, it cannot explain the emergence of the three emissive states in cases of the smooth-and rough-shell NPLs. Because the three emissive states were observed mostly in rough-shell NPLs, we hypothe-size that the localization of the excitons in confinement potential minima resulting from the thickness fluctuations of NPLs is responsible. To test this hypothesis, we construct a theoretical model of a NPL that localizes an exciton in a region of the width 2Ly=70 Å in the y-direction and varying localization length along the x-direction (2Lx), which has the size of the surface roughness (Fig.   7a ). For such a NPL, we expect four states, with two orthonormal states each for delocalized exciton (E3x & E4y,) and localized exciton (E1x & E2y), respectively (Fig. 7a) . To estimate energy splitting between these states, we use the well-known expression for the exciton resonance frequency renormalization due to the long-range electron-hole exchange interaction, δω0
, for excitons localized in quantum wells 45, 46 (the index α indicates the polarization of the exciton sublevels) and assume that the envelope wave function of an exciton localized on the roughness has a Gaussian form. 46 Detailed description of theoretical calculations can be found in Supplementary where, ωLT and aB are the longitudinal-transverse splitting and the Bohr radius of a free exciton in the bulk material, respectively, ã is the effective two-dimensional Bohr radius, Φ(z)=φe1(z)φhh1 (z) is the product of the electron and hole envelope wave functions along the axis of the quantum well or NPL (here we use the envelope wave functions for carriers confined in a quantum well with infinitely high barriers). For our estimate we will take ħωLT=0.95 meV, 47 aB=56 Å. Nanoplatelet excitons are known to have the effective two-dimensional Bohr radius < 10 Å, 48 for an estimate we take ã=7 Å. The resulting dependence of the anisotropic exchange splitting on the size of the localizing potential along x, Lx, at the fixed size along y, Ly=35 Å, is shown in Fig. 7b . The splitting is zero for Lx=Ly. Comparing the observed splitting with this dependence one can estimate the size of the localizing potential as 2Lx. Our calculation yields a splitting between two delocalized exciton states E4y-E3x to be 63.5 meV as the delocalized exciton corresponds to the limit Lx→ (in particular, Lx>200 Å). Because this splitting is larger than the thermal energy at room temperature, we can assume that the highest energy state E4y is not accessible to the exciton population and therefore leading to the appearance of three peaks. Localization of exciton in ~100 Å region (i.e. Lx ~ 50 Å) gives rise to E2y-E1x and E3x-E2y splittings of ~25 meV, as observed in our experiments. E1x
and E3x are linearly polarized along the long axis of the NPLs and E2y is polarized in the perpendicular direction. This corresponds to our observation that the two side peaks have essentially the same polarization orientation. While the middle peak in the above theoretical picture should be polarized normal to the two side peaks, the result shown in Fig. 6e shows that the polarization of the middle peak only has a 55° phase shift. This inconsistency could result from a misalignment of the orientation of the exciton localization region (due to surface roughness fluctuation) with respect to the main axes of the NPL (Fig. 7c , also refer to Supplementary Note 3 for details). To illustrate this point, we construct a model as displayed in Fig. 7c , for which we assume that the main axes of the exciton localization region (x', y') form a small angle  with respect to the main axes of the NPL (x, y). A drastic difference in high-frequency dielectric constants between the NPLs (in6) and the ambient air (out1) leads to a strong depolarization field in the y-direction perpendicular to the axis of the NPL elongation. As a result of misalignment, the dipole oriented along y' has a small projection onto x axis (cf. Fig. 7c ). But, since the electric field along y axis is suppressed due to the depolarization effect, the electric field of light, emitted by the dipole polarized along y', has comparable components along x and y. Similarly, the dipole oriented along x' has a small projection onto y axis. But the depolarization effect leads to the fact that the corresponding small component of the electric field in the emitted light is further suppressed. As a result, the depolarization effect strongly affects polarization of the light emitted by the dipole polarized along y' and has almost no effect on polarization of the light emitted by the dipole polarized along x'. Our detailed calculation (see Supplementary Note 3) reveals that a misalignment angle of  15° can approximately reproduce the large phase shift in the polarized PL intensity from y' polarized dipole and the negligible shift in the polarized PL intensity from x' polarized dipole (Fig. 7d) as we observed in Fig. 6e . Taken together, the theoretical results are in excellent agreement with our experimental observations.
Discussion
We have systematically investigated the morphological effects on PL properties of CdSe/CdZnS
NPLs. The deposition of CdZnS shell on core CdSe NPLs not only reduces PL blinking of single NPLs but, more importantly, results in variations in the optical and electronic properties depending on shell morphology.
We have shown that, regardless of shell growth and morphology, Auger recombination cannot be responsible for PL blinking of single NPLs. Instead, we propose that hot carrier trapping plays a significant role in blinking. We have found that the deposition of a rough CdZnS shell leads to opening of additional nonradiative channels and slightly broader and less symmetric PL spectra compared to smooth-shell NPLs, which are possibly due to the existence of trap or defect sites in an imperfect shell.
We have performed polarization-resolved spectral analysis of PL from single NPLs and found that single NPLs exhibit polarized emission whereas shell deposition reduces the degree of polarization. Exciton fine-structure splitting on the order of tens of meV has been observed in roomtemperature PL spectra of rough-shell NPLs. We have shown that exciton can get localized at a surface irregularity resulting from the rough shell morphology. Both the fine-structure splitting and PL polarization resulting from exciton localization are sensitive to the size and shape of the exciton localization region. The PL polarization is further affected by the depolarization effect determined by the shape of NPL. These conclusions are supported by theoretical calculations which are in excellent agreement with experimental observations.
Methods
Nanoplatelets Synthesis. CdSe NPLs with emission around 555 nm are synthesized according to previously published procedure with slight modifications. 10 Smooth CdZnS shell on CdSe NPLs were synthesized following atomic layer deposition approach with some modification. 20 To achieve rough CdZnS, we used previously published continuous shell growth protocol with minor modification. 25 The extra ligands in the nanoplatelets solutions were removed using ethanol for precipitation and re-dispersing in hexane or chloroform. Details about the materials and synthesis of NPLs are available in Supplementary Note 1.
Single NPLs spectroscopy. Single NPLs samples were prepared by drop-casting suspensions of NPLs in hexanes onto clean glass coverslips. Single NPLs spectroscopy experiments were carried out on a typical laser scanning confocal optical microscope using a pulsed 403 nm diode laser (1 MHz, ~70 ps pulse width).
PL emission from individual NPLs was collected with a 100, 0.85 NA objective lens and cleaned with long pass filters. Time-resolved PL and g (2) experiments were performed with two single photon avalanche photodiodes (SPAD, SPCM-AQR-14, PerkinElmer) placed in a Hanbury-Brown-Twiss geometry and connected to a Hydraharp 400 TCSPC system operating in a time-tag time-resolved mode. Single NPLs PL spectra were measured by directing PL emission to a spectrograph (SP-2300i, Princeton Instruments) and imaged with a CCD camera. Emission polarization anisotropy and polarization-resolved PL experiments were performed in a wide-field mode. Herein, the 403 nm diode laser was focused to a spot size with diameter of ~60 m and was used to excite the samples. The PL images and spectra were collected with the same spectrometer and CCD camera as used in the confocal mode. A Wollaston prism was used to spatially split the emission into its respective horizontal and vertical locations along the spectrometer slit. This enabled a simultaneous measurement of two orthogonal components. A half-wave plate was deployed in front of the Wollaston prism to tune the emission angle.
